Abstract Excess nutrient discharge from river has nega tive impacts on coral reef ecosystems. On Okinawa Island, the reefs that are particularly at risk from changes in nutrient levels are those in inshore regions, especially those close to river mouths. In this paper, we present the results of a preliminary survey of water quality and nu trient (ammonium, nitrate, and phosphate) data collected 
Introduction
Rivers have been termed "arteries of the continent" (Degens et al. 1991) , transporting different materials from land to sea. Around the world, water quality in coastal areas is changing in response to rapidly increasing fer tilizer use and land clearance (Vitousek et al. 1997; Tilman et al. 2001; Smith et al. 2003) . Global annual nitrogen fertilizer use has increased more than sixfold since 1960 , land clearance continues at a rate of 1% of the earth's surface per year (GESAMP 2001) , and coastal urbanization is expanding disproportionally to human population growth. Coastal coral reefs, like other marine coastal ecosystems, are increasingly exposed to growing loads of nutrients, sediments, and pollutants dis charged from the land. Terrestrial runoff is therefore a growing concern for most of the 104 nations endowed with coral reefs, as many of these reefs are in decline. A similar situation has been observed on Okinawa Island, Japan (Nakano 2004; Omija 2004 , and references therein).
Agricultural chemicals are used in large quantities in the intensive farming of rice, sugarcane, pineapples, and other fruits and vegetables (Kawahata et al. 2004) . Coral reefs typically flourish in waters that are oligotrophic (nutrient poor). Changes in nutrient concentrations in coral reef areas, commonly caused by increased sediment and nutrient discharge from rivers, can fundamentally alter the food webs of these ecosystems through a number of effects on the wider coral reef ecosystem. Such effects include: proliferation of algae that compete with corals for space; increasing rates of internal bioerosion making corals less resistant to storm impacts; increased suscepti bility of corals to some deceases; and more frequent outbreaks of the coraleating starfish, Acanthaster planci.
Field studies have provided a large body of information to show that nutrient enrichment and other terrestrial runoff can degrade coral reefs at local scales (Fabricius 1995) . In Okinawa, however, few studies have examined the effects of river discharge on coral reefs (e.g., West and Van Woesik 2001; Shimoda et al. 1998) . The studies that have been conducted have examined only a few selected rivers on the island. To our knowledge, this is the first study relating the nutrient discharge characteristics of almost all Okinawan rivers to reefedge coral cover (%CC) around the island. Using these data, this study attempted to (1) determine spatial variation in the inorganic nutrient con centrations in the sampled rivers of Okinawa (2) assess the relationship between river nutrient discharge and hu man population densities (3) assess the relationship be tween discharged nutrients and %CC.
Study location
The island of Okinawa is located at the southern end of Japan (26°250 N, 128°00 E) and has 2,300 mm annual precipitation, which is higher than Japan's annual average of 1,800 mm. (Nishihara 1987; Yamazato 1987) . Oki nawa has many rivers that discharge into coastal areas, potentially influencing adjacent coral reefs. For this study, 100 rivers around Okinawa Island were sampled (Fig 1) .
The sampled rivers were categorized into four groups and human population densities are presented in Table 1 .
Materials and Methods

Human population density and inorganic nutrient dis tribution
The relationships between the 2010 human population density and average inorganic nutrient concentration val ues were investigated for four categories of Okinawan River and their catchments. For accurate comparison of human population density and river discharge charac teristics, the categories of rivers were further divided into small areas to allow for more accurate representation of human population size (density) for each river catchment under study. Correlations and linear regression analyses were performed using each category of river plotted against the population density of the surrounding area.
The categories of rivers and the population densities di visions used are shown in Table 1 .
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Data analysis
Linear regressions and Pearson's correlations were used to test the relationship between river nutrient con centrations and %CC and human population within the catchment. PRIMER software was used for multivariate analysis. The data matrices (inorganic nutrients data for all sampled rivers) were used to create triangular similarity matrices, based on the BrayCurties similarity coefficient, followed by nonmetric multidimensional scaling (MDS).
MDS ordination can help to represent the samples as points in low dimensional space (usually 2d) such that the relative distances apart of all points are in the same rank order as the relative dissimilarities (distances) of the samples, as measured by some appropriate resemblance matrix calculated on the data matrix. Therefore points that are close together represent samples that are very similar in their composition (Clarke and Warwick 2001) . All data were checked for and met the normality and variance homogeneity requirements for parametric analyses.
Results
Spatial variation in inorganic nutrient discharge
The results of the inorganic nutrient concentration analyses from the sampled rivers are provided in Table 1 .
The results indicate that southern rivers had high con 
Human population density and inorganic nutrients
As shown in the above section, inorganic nutrient dis charge to coastal waters was highest in southern rivers 
Reefedge coral cover (%CC) and inorganic nutrients
Variations in inorganic nutrient discharge from sampled rivers were accompanied by marked changes in %CC (Table 1) . Coral cover ranging from 0 to 10% was observed at all locations, but it was significantly more prevalent at locations characterized by high inorganic nutrient con centrations and poor water quality in general.
Most of the reef in northern areas, where nutrient con centrations were very low, had %CC of 25-50%. However, the %CC was not strongly correlated with inorganic nutrient discharge from rivers in the northern area ( Fig. 4 with "red soil pollution," which is a predominant pollution problem in the coastal waters of Okinawa Island (Mkadam et al. 2006) . Although the red soil itself is said to have low nutrient levels (Mkadam et al. 2006 , and references therein), the high nutrient concentrations recorded from these rivers could be a result of those factors that cause red soil pollution. Thus, human impacts (e.g., farming, public development work) are added to preexisting natural factors such as Okinawan soil that is easily dispersed due to geographical factors (steep mountains, short rivers, and highly erosive rainfall) and a lack of organic matter (Omija 2004) , causing enormous amounts of runoff, which often carries various terrigenous mate rials including inorganic nutrients. Moreover, the main runoff source for red soil in this area is generally con sidered to be farmland (Omija 2004 , and the references therein), which is also a major source of inorganic nitrates and phosphates.
Reefedge percentage coral cover (%CC) and inorganic nutrients
The relationships between inorganic nutrients and %CC for all four categories of river in the present study Therefore, it likely that inshore reefs in the northern areas are mainly affected by other factors, such as red soil pollution rather than by nutrient enrichment. However, the current elevated inorganic nutrient concentrations rec orded from most of the rivers examined strongly suggest that nutrient discharge from rivers has negative impacts on inshore coral reef cover on the island. The concentrations of inorganic nutrients were above the threshold limits that predicted effects on coral growth in a previous study (Shimoda et al. 1998 ). Shimoda's (1998) (Omija 2004 ). The elevated inorganic nutrients recorded in the present study far exceed these standards. In the cited example (Shimoda et al. 1998) , however, nutrient con centrations were recorded near the reef itself, which is different from the present study, in which nutrient con centrations were recorded from the river mouths. Materials discharged by rivers, including nutrients, tend to decline as the freshwater moves into the coastal zone. This is es pecially true for particulate materials, which are trapped within a few meters of the river mouth (Devlin and Brodie 2005) . However, unlike particulate nutrients, dissolved inorganic nutrients can be transported, conservatively, hundreds of meters to a few kilometers downstream of river mouths (Devlin and Brodie 2005) , exposing inshore reefs to high inorganic nutrient concentrations.
In conclusion, elevated concentrations of inorganic nutrients in most of the rivers sampled significantly cor related with %CC. However, the lack of significant cor relation between inorganic nutrient concentrations and %CC for northern rivers suggest that synergistic effects of nutrients and red soil pollution (Omija 2004 
